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Objectives: Preoperative breast volume estimation is very important for the success of the breast sur-
gery. In the present study, two different breast volume determination methods, Cavalieri principle and
3D reconstruction were compared. Material and methods: Consecutive sections were taken in slice
thickness of 5 mm. Every 2nd breast section in a set of consecutive sections was selected. We marked
breast tissue with blue line on each selected section, and so prepared CT scans used for breast volume
estimation. The volumes of the 60 breasts were estimated using the Cavalieri principle and 3D recon-
struction. Results: The mean breast volume value was established to be 467.79 ± 188.90 cm3 with
Cavalieri method and 465.91 ± 191.41 cm3 with 3D reconstruction. The mean CE for the estimates in this
study was calculated as 0.25%. Skin-sparing volume was about 91.64% of the whole breast volume. Both
methods are very accurate and have a strong linear association. Conclusion: Our results suggest that the
calculation of breast volume or its part in vivo from systematic series of CT scans using the Cavalieri
principle or 3D breast reconstruction is accurate enough to have a signiﬁcant clinical beneﬁt in planning
reconstructive breast surgery. These methods can help the surgeon guide the choice of the most
appropriate implant or/and ﬂap preoperatively.
© 2014 Surgical Associates Ltd. Published by Elsevier Ltd. All rights reserved.1. Introduction
Preoperative breast volume estimation could signiﬁcantly
improve planning of breast reconstructive surgery following mas-
tectomy including implant size determination in cases needing
augmentation and assessment of how much should be excised in
cases of breast reduction [1]. Postoperative breast volume assess-
ment is useful to evaluate the esthetic outcome more objectively.culty of Medicine, University
ia.
by Elsevier Ltd. All rights reservedBreast symmetry is a main goal of all breast surgery types. Although
breast volume estimation is important, there is still no commonly
accepted standard method for such measurements and because of
that breast volume measurements are not carried out on a routine
basis [2e4].
Some factors, like breast shape, consistency, weight ﬂuctuations,
menstrual and hormonal inﬂuences and position of the breast on
the chest wall can affect the accuracy and repeatability of the breast
volume measurement [5].
In literature we found a few methods for breast volume mea-
surement, but all these methods are not accepted as routine
because some of them are complicated for technical performance,
discomfort for patient or examiner, not enough precise or too.
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for the determination of the breast volume: anthropometric
(anatomic), Archimedes procedure (water volume displacement),
Grossman-Rounder device, negative casting (plaster, parafﬁn,
thermoplastic materials), mammography or ultrasound (2D im-
ages), 3D surface imaging [1,6e17]. Most of these methods do not
adequately measure the tissue lateral to the pectoral folds and/or
breast surfacing to chest wall (Fig. 1).
Breast volume can be accurately estimated in vivo from sys-
tematic series of computed tomography (CT scan) or magnetic
resonance imaging (MRI) using the Cavalieri principle of modern
designed stereology or 3D breast reconstruction [5]. Clinically is
very important and practical that both of thesemethods using CTor
MRI allow accurate measurement of the breast volume, its part,
benign or malignant tumors in breast, while other methods allow
measurement of the breast volume (but not completely accurate,
Fig. 1).
The Cavalieri method requires that the investigated structure is
scanned with a series of parallel planes. The point-counting grid,
which has point sets with distinct densities on a transparent sheet,
can be used to estimate the cut surface areas of the image. The
point-counting method consists of overlaying each selected sec-
tion with a regular grid of test points that is randomly positioned.
A test point, which is comprised of t-shaped lines, hits the object if
the upper right hand corner of the crossed lines representing them
on the test system lies inside the object. After each superimposi-
tion, the total number of test points hitting the investigated
structure on the sections is counted, and the unbiased estimation
of volume can be done by using volume estimation formula
[18,19]. Using “coefﬁcient of error” (CE), researcher can evaluate
the reliability for the point density of the grids and sectioning
intervals [20].
One of the ﬁrst effort to create a three dimensional model in
SolidWorks was shown by Han and Jia where the authors create B-
spline curves on top of each image [21]. With created closed
curves, a loft feature was used in order to create a solid model.
Another approach is based on 3D medical scanners where the
reconstruction is performed on volume elements e voxels [22].
Although these models provide a faithful representation of human
tissue and organs they have certain disadvantages. First of all,
these models require a huge storage space [23]. Another problem
arises from the fact that voxels are the smallest elements in the
model. This implies that in case where tissues are smaller than the
voxel, they cannot be represented accurately. On the other hand,
this method can be performed with commonly used 2D scanners
which produce two dimensional images with pixels as basic ele-
ments [24]. Computer-aided design (CAD) software has built-in
tools for mass properties calculations such as volume, density,
mass, surface area and center of mass which are simple to use.
These tools can be applied in medicine for various calculations
regarding tissues and organs.Fig. 1. Limitations of the breast volume measurement (LP-lateral part of the breast;
CW-chest wall).In the present study, two different breast volume determination
methods, Cavalieri principle and 3D reconstructionwere compared.2. Material and methods
The breast volumes (n ¼ 60) of 30 healthy female subjects
(volunteers) were measured with two different methods and the
results were compared. The ages of the subjects ranged from 20 to
73 years (mean 42.1 years, SD 15.64 years).
The CT scans were performed using a scanner “SIEMENS”
Somatom Sensation 16. Breasts were scanned in all planes, but
measurement of the breast volume was performed under the
horizontal plane images. Consecutive sections were taken in slice
thickness of 5 mm. Every 2nd breast section in a set of consecutive
sections was selected. Choosing the ﬁrst section was done
randomly. We marked breast tissue with blue line on each selected
section, and so prepared CT scans used for breast volume estima-
tion. On the same way we marked breast tissue for extirpation
during skin-sparing mastectomy and calculated its volume too (fat
and glandular tissue).2.1. Cavalieri method
A point counting grid was used to estimate the breast area of
each selected section. Distance between the test points of the grid
was 0.3 cm. Selected images were projected onto a PC monitor.
Then the point counting volume estimation grid was superimposed
on these images (Fig. 2), and breast volume was calculated using
the following formula:
Volume ¼ t  [((SU)  d)/SL]2  SP, where is the section
thickness t ¼ 2  0.5 cm (because we select every 2nd breast sec-
tion); the scale unit of the image SU ¼ 4 cm; the distance between
the test points of the grid d ¼ 0.3 cm; the measured length of the
scale on the image SL ¼ 2.25 cm; the total number of the point
hitting the sectioned cut surface areas of the breast tissue. Similar
formula is: Volume ¼ t  a/p  SP, where ‘a/p’ is the representing
area of each point on the point counting grid.
The coefﬁcient of error (CE) was estimated according to the
Gundersen and Jensen formula. It is generally accepted that the CE
must be lower than 5%.
All data were entered into Microsoft Excel and using this pro-
gram it was simple to calculate the breast volume and CE.Fig. 2. A chest slice sectioned in horizontal plane and a point counting grid super-
imposed on the breast tissue on the CT scan.
Fig. 3. 3D reconstruction of the breast with marked contour on the appropriate CT
image.
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Method proposed in this paper is performed in the computer-
aided design software SolidWorks. Prior to importing CT images
into the CAD software, a set of parallel planes was created. The
number of planes corresponds to the number of used images and
the distance between the planes equals to double slice thickness.
The next step is to import CT images onto corresponding planes. All
of the images were aligned in the coordinate system at position (0,
0) what provides that all of the images are aligned. On each image,
contours were manually created using spline tool to mark the
breast tissue. Fig. 3 shows an example of one contour marked on
the corresponding CT image. With the spline tool, every point on
the spline has the handle which controls the vector leaving that
point. These splines are known as Bezier splines (B-splines) and
allow a smooth shape of the contour. SolidWorks has a feature
called loft which makes the transition between closed contours.
Loft connects different proﬁles and creates a 3D model. The
smoothness of themodel is achieved by creating guide curves along
the loft direction. We deﬁne a point on each sketch and that allows
us to deﬁne in what order the contours will be connected. This also
results in a smoother model. Described reconstruction framework
was performed in the reconstruction of whole breast models which
are shown in Fig. 4. When the model is created, mass properties
option is used for automatic volume calculation. SolidWorks solves
time-dependent NaviereStokes equations with the ﬁnite volume
method on a rectangular (parallelepiped) computational mesh.
Meshing subdivides the model into many small pieces called cells.Fig. 4. Reconstructed 3D model of the breast: semi-proﬁleSmaller cells give more accurate results but require more computer
resources.
3. Results
The breast volumes (n ¼ 60) estimated using the two different
methods (Cavalieri method and 3D reconstruction) are shown in
Table 1. The CE values (0.004105e0.53%) were in the acceptable
range for the volume estimates. The mean CE for the estimates in
this study was calculated as 0.25%.
The mean breast volume value was established to be
467.79 ± 188.90 cm3 with Cavalieri method and
465.91 ± 191.41 cm3 with 3D reconstruction. The mean skin-
sparing volume (fat and glandular tissue) value was established
to be 427.73 ± 180.89 cm3 with Cavalieri method and
426.16 ± 180.57 cm3 with 3D reconstruction. Skin-sparing volume
was about 91.64% of the whole breast volume.
Analysis of the two volumetric calculations showed no statisti-
cally signiﬁcant differences between the two methods (P > 0.05;
paired samples t test). For the whole breast t ¼ 0.0541 and
P ¼ 0.957, while for the skin-sparing t ¼ 0.0476 and P ¼ 0.9621.
There was a strong linear association between breast volumes
measured by Cavalieri method and 3D reconstructionwhen using a
Pearson correlation (r ¼ 1, P < 0.001) (Fig. 5).
We analyzed 60 breasts and our data indicate that the difference
in the response of matched pairs is normally distributed. There was
a high statistical power (1.000) to detect differences between breast
volumes measured by Cavalieri method and 3D reconstruction
(Fig. 6).
Difference between these two methods for the whole right
breast was 0.18% and for left breast was 0.96%. Difference between
two methods for the skin-sparing right was 0.005% and for left was
0.72%. The mean difference value was 0.466%.
4. Discussion
Breast cancer affects 1 in 8 women during their lifetime. It is the
most common cancer and the major cause of mortality from cancer
in women [25,26]. For this reason, over time the need for breast
reconstruction has become greater. Regardless of which procedure
is used for breast reconstruction, immediate or delayed, preoper-
ative planning is very important for the success of the surgeries.view (a), frontal view (b), rendered frontal view (c).
Table 1
Volumetric results obtained from two different methods (Cavalieri method and 3D reconstruction).
No Age (years) Right breast volume (cm3) Left breast volume (cm3)
Whole Skin sparing Whole Skin sparing
Cavalieri method 3D Cavalieri method 3D Cavalieri method 3D Cavalieri method 3D
1. 66 651.38 651.88 602.74 603.74 659.06 658.27 609.28 608.17
2. 20 393.80 395.73 357.97 374.53 414.69 402.97 378.63 372.86
3. 21 299.18 301.33 264.54 282.35 303.17 298.57 269.32 257.04
4. 67 856.49 869.49 793.61 792.76 962.61 980.83 901.45 905.74
5. 53 332.73 332.54 303.12 319.81 319.35 332.32 291.96 269.88
6. 39 352.73 372.75 317.81 319.79 331.51 324.59 298.13 280.27
7. 32 513.31 497.57 474.36 484.67 498.61 499.38 462.57 446.66
8. 53 277.55 276.00 245.21 223.59 283.1 261.00 253.96 238.05
9. 32 498.31 482.48 457.18 437.36 483.61 490.27 441.21 459.47
10. 53 271.45 261.75 238.21 241.18 277.01 262.78 246.11 226.25
11. 27 279.18 276.92 248.29 248.07 279.51 275.73 249.35 269.70
12. 65 414.53 434.6 372.29 389.41 407.51 420.88 367.06 382.82
13. 31 576.00 593.00 537.84 545.58 606.04 593.92 563.73 566.42
14. 31 729.47 712.84 684.12 671.67 737.63 724.51 689.29 676.02
15. 47 812.73 835.62 761.96 749.19 831.02 813.08 776.55 776.08
16. 30 361.14 370.70 323.67 342.70 353.96 334.38 320.1 318.86
17. 24 362.78 345.12 327.59 328.22 342.2 340.32 311.04 298.01
18. 21 462.69 480.82 425.53 435.56 533.22 539.88 489.53 499.44
19. 63 631.18 638.83 583.45 574.30 620.41 601.83 571.12 561.29
20. 20 259.59 259.19 222.41 204.10 270 259.09 231.53 250.79
21. 38 468.24 453.63 425.29 426.13 505.47 484.36 463.06 458.86
22. 46 319.51 339.33 286.69 282.14 331.22 349.64 298.65 294.78
23. 47 378.12 376.24 345.43 337.91 405.22 403.20 366.76 352.23
24. 42 602.45 610.10 554.08 542.56 637.06 646.83 589.43 575.87
25. 51 150.53 137.26 119.86 133.86 165.55 157.36 133.8 125.46
26. 56 322.13 325.98 292.73 304.80 339.15 318.63 307.29 288.18
27. 31 729.35 729.00 677.11 676.27 738.53 722.29 679.53 673.56
28. 73 574.37 552.32 525.43 503.39 586.78 594.57 538.10 553.99
29. 50 265.47 252.50 229.71 228.32 311.18 300.17 280.59 283.65
30. 34 678.53 684.18 628.55 622.26 708.24 713.52 657.92 673.05
Mean 42.10 460.83 461.66 420.89 420.87 474.75 470.17 434.57 431.45
SD 15.64 184.92 187.90 177.48 174.01 195.72 197.97 187.02 189.74
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the cost, extend patient stays in the hospital and absences from
work.
Estimation of breast volume could be helpful and desirable to
potentially facilitate the complex planning and difﬁcult execution
of many surgical breast interventions, including correction of breast
asymmetry, reconstruction after mastectomy, breast lift (masto-
pexy), and volume-changing esthetic intervention [2,27].
The last two decades have seen great advances in medical sys-
tems for the acquisition of images of organs and inner structures,Fig. 5. Regression line between breast volume measurementsand for their elaboration in three dimensions, with application to
various clinical and surgical disciplines [28,29]. Modern CT or MRI
scanners contain software that can automatically estimate volume
of different organs or its parts. However, breast consists of different
tissue types (gland, fat, skin) which have different density and also,
we can ﬁnd it in the other body parts. Because of that it is hard to
estimate the breast volume automatically.
In this study, we presented two procedures for measuring the
volume of the breast. It is true that they were not automated, but
they are semi-automated because we manually select a contour onobtained from Cavalieri method and 3D reconstruction.
Fig. 6. Statistical power curve.
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utive sections, and CE was very small, mean value was 0.25%. It is
generally accepted that the CEmust be lower than 5%. It means that
we need only a few breast sections (CT or MRI) for accurately breast
volume estimation. Hussain et al. investigated the number of sec-
tions required to obtain a CE (precision) of 3%, 5% and 10% on the
estimate of breast volume. They presented their results graphically
[5]. According to their results, for precision lower than 5% it is
sufﬁcient to use 3e5 sections, while we analyzed about 22 sections
for each breast. If we used 3e5 sections, for manually breast con-
tour selection and volume estimation using stereological analysis
or 3D reconstructionwe need only a fewminutes. Bothmethods are
very accurate and have a strong linear association. These methods
using CT scans (or MRI) allow accurate measurement of the breast
volume, its part, glandular tissue, benign or malignant tumors in
breast, while the most of other methods described in the literature
allow measurement of the breast volume only. Using these two
methods it is possible to calculate a volume ratio of the tumor and
whole breast. It is very well known that breast volume is changing
during the menstrual cycle [5]. These methods allow track volume
changes of the glandular tissue during the cycle.
Besides the advantages there are still the possible disadvantages
of the methods based on CT scans, like the high costs and radiation
burden to the patient. Today, the most common type of CT used is
spiral (helical) CT. This machine uses less radiation than the original
CT scanner. As technology advances, CT scans are getting even
better e faster and able to scan very thin slices [30,31].
We didn't compare our results with breast volume measure-
ments from mastectomy specimens like some other authors
because we analyzed healthy female subjects. This is one of the
limitations of our methods. Also, our methods require the posses-
sion of adequate software and CT scans (or MRI) of breast and
because of that are relatively expensive.
In the last four decades different breast volume determination
methods were used but they exhibit variable reliability. Most of
them can be difﬁcult to execute, some of them are cost-intensive,
and are not always acceptable for the patients [10]. Although
anthropomorphic measurements are quite accurate, reproducible
and cheap, selection of the appropriate formula is still a problem.
Some of these methods are applicable for small breasts (Grossman-
Roudner device), while others frequently applied to medium or
large breasts (water displacement technique) [1,32,33]. Recently,
Longo et al. proposed a new mathematical predictive formula
BREAST-V for different breast size volume assessment [34]. Some
authors conﬁrmed that there is no signiﬁcant difference between
breast volume and weight [35,36].
With anthropomorphic methods, the mean measurement de-
viation in the literature was 3.61% of the volume measured re-
ported byWestreich [8], 3.89% by Qiao et al. [9] and 6.26% by Kovacs
et al. [2] With modiﬁed anthropomorphic method [11], the mean
measurement deviation reported by Kovacs et al. was 5.54 ± 1.50%[2]. Fowler et al. [37] reported a mean deviation of 4.3% for MRI-
based volume measurements, while Kovacs et al. [2] reported a
mean deviation of 1.56 ± 0.52%. With thermoplastic cast method,
the mean measurement deviation reported by Edsander-Nord et al.
[13] was 6%, while Kovacs et al. [2] reported deviation of 7.97% of
the measured volume value. The study conducted by Kovacs et al.,
showed that three-dimensional imaging was the best method. [2]
Some of earlier, in the literature described methods for breast
volume estimation are easier, simpler and cheaper to perform than
our but, our methods provide volume measurement of the whole
breast, its part, glandular tissue, benign or malignant tumors in
breast. Ourmethods could be used for preoperative planning before
immediate or delayed breast reconstruction while methods based
on the assessment of the mastectomy specimen volume of weight
could be used only for immediate breast reconstruction during the
operation. In the cases when the mastectomies were performed
before some period (months or years), using our methods it is
possible to measure a volume of healthy breast and make a pre-
operative plan for delayed breast reconstruction of the other body
side. Also, in the cases which performed skin sparing mastectomy
or tumor extirpation, before the operation it is possible to measure
partial breast or tumor volumewhich should be replaced andmake
preoperative plan. On the other hand, anthropometric and casting
methods or Grossman-Roudner device could use for volume
assessing of whole breast only.
5. Conclusion
Our results suggest that the calculation of breast volume or its
part in vivo from systematic series of CT scans using the Cavalieri
principle or 3D breast reconstruction is accurate enough to have a
signiﬁcant clinical beneﬁt in planning reconstructive breast sur-
gery. These methods can help the surgeon predict the esthetic ef-
fect of various breast surgeries and guide the choice of the most
appropriate implant or/and ﬂap preoperatively.
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